1 Introduction
==============

Intrinsically disordered proteins (IDPs) do not have a stable structure under native conditions ([@btx486-B24]), yet they perform crucial biological roles being deeply embedded in regulatory and signaling pathways, amongst others ([@btx486-B6]; [@btx486-B25]). Despite the lack of intrinsic tertiary structure of IDPs, many critical biological processes require them to interact with molecular partners, most often other proteins. During the vast majority of these interactions IDPs do adopt a stable bound structure---hence their folding is coupled to binding ([@btx486-B22]) giving rise to weak, transient, yet highly specific interactions. In accord, IDPs often represent hubs of protein--protein interaction networks ([@btx486-B11]) presenting promising therapeutic targets ([@btx486-B12]).

In line with their biological importance, IDPs are heavily studied. The resulting information are collected in disorder-specific databases (such as DisProt, [@btx486-B21] or IDEAL, [@btx486-B7]) and are disseminated as various levels of annotation in core biology databases, such as UniProt ([@btx486-B19]). The majority of these information pertains to the establishment of which protein regions are disordered and which have intrinsic structure, with some additional information about the detailed structural properties of IDPs ([@btx486-B23]). These data are in turn used to develop prediction algorithms that enable the *in silico* identification of IDP regions ([@btx486-B17]) and functional sites ([@btx486-B5]; [@btx486-B13]), which aids experimental verification, creating an iterative synergistic workflow.

This targeted research and synergy can be seen in the identification of IDPs; other areas of unstructural biology still lack this kind of focus. The identification of the interactions of IDPs in structural detail seems to be much more sporadic, lacking systematic targeted efforts. While no specific IDP interaction database exists, a subset of such interactions have been studied in detail ([@btx486-B14]; [@btx486-B15]). The interaction between IDPs and ordered proteins are often mediated by short linear motifs (SLiMs) residing in the IDP partner ([@btx486-B8]), and in accord, SLiM databases---such as the Eukaryotic Linear Motif database ([@btx486-B4])---can provide a starting point for structural studies of IDP--ordered protein interactions.

In contrast to the study of IDP--ordered protein interactions, protein complexes formed exclusively by IDPs are far less understood from both structural and functional points of view. The primary reason behind the lack of systematic research of IDP-only complexes is the lack of well-organized and accessible data. While several such complexes are known (and some have been studied in detail, see for example, [@btx486-B3]), no specific database exists, and the majority of corresponding data are scattered in various databases. Yet, a targeted database often proves to be not only beneficial, but vital for the development of research areas in biology ([@btx486-B2]).

Our current work lays this missing foundation of the systematic structural/functional studies of IDP complexes by assembling Mutual Folding Induced by Binding (MFIB). MFIB is constructed by integrating information from a range of databases and a wealth of literature to assemble by far the largest repository of protein complexes, where the interacting chains mutually fold as a result of the interaction.

2 Database assembly
===================

MFIB aims to serve as a starting point for the functional and structural analysis of interactions between IDPs. In accord, the existence of a solved complex structure of the interacting protein partners was a prerequisite for inclusion in the dataset. The existence of a solved structure also serves as verification of the interaction and proof that the proteins involved in fact adopt a stable structure upon interacting. Accordingly, the PDB (version March 28, 2017) was taken as a starting point, and was filtered and annotated using various criteria and information from other databases to derive a high-quality set of interacting IDPs.

Structures that contain at least two protein chains in interaction were selected and were filtered for structure quality (keeping only nuclear magnetic resonance structures, and X-ray structures with a resolution better than 5 Å to discard poor quality structures) and biological relevance (discarding chimeras and other structures containing non-biological polypeptide chains). Complexes where non-protein chains---typically DNA and RNA---participate in the interaction were also discarded. The remaining set of candidate complexes were annotated based on experimental evidence in various annotation databases (see [Fig. 1](#btx486-F1){ref-type="fig"}). Disorder annotations were taken from DisProt (version 7 v0.4) ([@btx486-B21]) and IDEAL (version March 29, 2017) ([@btx486-B7]). Using these manually curated information, protein chains in the candidate PDB complexes were annotated using three different approaches.

![Workflow of the construction of MFIB. The figure shows the annotation steps of a hypothetical example of three interacting disordered protein regions, where the three chains are annotated through direct, UniRef90-transfer and Pfam-transfer of annotations (marked A, B and C, respectively). Light grey boxes represent disordered protein regions. Smaller black boxes mark regions that are present in the candidate PDB structure. Boxes with dashed outline represent Pfam objects. Arrows show the transfer of annotations either with direct sequence comparisons (direct annotations between UniProt sequences) or with mapping (using Pfam, UniRef90 clusters, or BLAST in the case of transfer between UniRef90 sequences and between UniProt and the PDB candidate proteins)](btx486f1){#btx486-F1}

First, some candidate protein chains had direct disorder annotations, meaning that they cover the same region in the corresponding UniProt protein sequence as referenced in disorder databases. Second, annotations were transferred to close homologues, considering proteins that share at least 90% sequence identity (i.e. they belong to the same UniRef90 sequence cluster). As the third level of annotations, disorder information was transferred through Pfam (release 31.0, [@btx486-B1]) objects (families, domains, motifs or repeats). If a Pfam object covered at least 70% of both an interacting chain and a disorder annotation, then the disordered status was also assigned to the interacting chain.

Taking all three types of annotations (direct, UniRef90-transferred and Pfam-transferred) into account, all candidate complexes were categorized. Complexes containing only disordered chains were kept; and complexes with both disordered chains and chains without annotations were further inspected. If evidence uncovered using literature searches indicated that the unknown chains were in fact disordered, the complex was also kept. The database-based annotations coupled with information from the literature resulted in a set of 1406 complexes that all exclusively contain protein chains that are disordered in their monomeric form. Each complex is manually inspected by database curators with a focus on the validity of the experimental evidence for disorder to assure the reliability of the database. Curators also check the true biological assemblies of the complexes using PISA (Proteins, Interfaces, Structures and Assemblies) to avoid the inclusion of non-biological contacts due to crystallization. These manually curated protein complexes together comprise MFIB.

To reduce redundancy, complexes in MFIB were clustered based on sequence similarities of their constituent chains. Protein chains were considered to be similar if they belong to the same UniRef90 cluster and show at least 70% overlap. Two complexes are deemed related if they contain the same number of proteins, and the proteins from the two structures show pairwise similarity. Related complexes were grouped into clusters forming the entries in MFIB. This clustering grouped the 1406 structures into 205 MFIB entries. Furthermore, each entry in MFIB is assigned a class and a subclass during the manual annotation and curation step. [Supplementary Table S1](#sup1){ref-type="supplementary-material"} shows the 8 classes and 33 subclasses currently defined in MFIB.

3 Web interface
===============

MFIB is made available through a dedicated website at <http://mfib.enzim.ttk.mta.hu/>. The 205 entries representing interactions of IDPs form the core of MFIB. Accordingly, each entry is assigned a unique accession and has a separate page that details information about the given complex. Furthermore, the MFIB server also includes features to ease searching and navigating through the database.

The 'Home' page describes the basis and purpose of the database for users unfamiliar with MFIB. The 'Statistics' page shows basic statistics about MFIB. The 'Help' page answers questions connected to the conception, assembly, design and usability of the database and the server. MFIB also offers several ways of structured access to the database including browsing, searching and multiple ways of downloading data in XML and text formats for local use.

4 Discussion
============

The construction of MFIB presents the first systematic collection of data concerning complexes formed by IDPs. It is based on the integration of structural and sequence annotation databases coupled with the results of an extensive manual literature survey. Previous studies of complexes of mutually folding IDPs were typically based on 10--35 structures ([@btx486-B10]; [@btx486-B16]; [@btx486-B20]). In contrast, MFIB contains over 1400 complex structures organized into 205 entries. These data provide the missing cornerstone of future structural and functional studies of the synergistic folding of IDPs.

The data contained in MFIB not only far surpasses the number of complexes used in previous analyses but also provides a wide coverage of possible IDP--IDP interactions in many ways. Entries in MFIB cover all three domains of life and also include complexes from viral proteins shedding light on the importance of synergistic folding in host--pathogen interactions. MFIB entries also cover the majority of possible oligomeric compositions from dimers to hexamers, including both hetero- and homo-oligomers. Most importantly, entries in MFIB also cover the known spectrum of protein disorder. Protein disorder is a highly heterogeneous property with various IDPs exhibiting markedly different levels of flexibility in their unbound form. MFIB contains complexes of IDP regions from near random coil proteins (such as the CBP (CREB Binding Protein)-interacting region of ACTR, [@btx486-B3]), through molten globules (such as the Arc repressor, [@btx486-B18]) to near-ordered structures, where a monomeric structure can be stabilized with a limited number of mutations (such as the nucleoside diphosphate kinase, [@btx486-B9]).

The presented MFIB database currently presents the far largest collection of interactions between IDPs; yet there are undoubtedly many more information scattered in the PDB and the literature that are not currently incorporated. In accord, we consider the present version of MFIB as a stepping stone and plan to constantly update, expand and revise the database. This process will rely on the past experience of the authors in database-maintenance, the firm technical and infrastructural background of the initiative, and the encouragement of a community effort to contribute to MFIB.
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